-BACKGROUND: Vertebral artery (VA) aneurysms comprise approximately one-third of posterior circulation aneurysms. They are morphologically variable, and located critically close to the cranial nerves and the brainstem. We aim to represent the characteristics of these aneurysms and their treatment, and to analyze the outcome.
INTRODUCTION
A neurysms of the vertebral artery (VA) comprise approximately one-third of all posterior circulation aneurysms (49) . Their characteristic morphologic and anatomic features make them unique among other intracranial aneurysms. Morphologically, a VA aneurysm can range from a small, saccular aneurysm in the VAeposterior inferior cerebellar artery (PICA) junction to a fragile, dissecting fusiform lesion, or to a giant aneurysm with brainstem compression. Anatomically, they are located deep in the posterior fossa in close proximity to the brainstem and cranial nerves.
With the exception of a 1996 report by Drake, Peerless, and Hernesniemi (12) of a series with 195 VA aneurysm patients, series on VA aneurysms are relatively small, mostly with <50 patients (1-6, 10-12, 14, 27, 32, 36, 41, 42, 49) . After International Subarachnoid Aneurysm Trial (ISAT), most recent VA aneurysm studies focus on endovascular treatment (2, 5, 6, 10, 14, 27, 32, 36, 38) .
In this retrospective study, we present 190 consecutive patients with 193 VA aneurysms treated mainly by microneurosurgical clipping. This series includes aneurysms originating from the VA itself or the VAePICA junction. No distal PICA aneurysms reported earlier are included in the present report (28) . Our aim is to describe the typical anatomic and morphologic features of VA aneurysms, to analyze the treatment outcome, and in particular to compare those that ruptured with aneurysms that ruptured at other locations.
METHODS

Classification of VA Aneurysms
The 2 vertebral arteries are usually the first and largest branches originating from the subclavian arteries. Occasionally, they can arise from other sites, mainly from the aortic arch. VAs are divided into 4 segments, namely V1eV4, with V4 being the intradural segment (25) . Distally VAs end by joining to form the basilar artery. To classify the VA aneurysms more exactly, we used the classification of Drake, Peerless, and Hernesniemi (12) subdiving the aneurysms into 4 groups according to their location as the PICA (Figure 1 ).
Patient and Radiologic Data
We reviewed retrospectively 9709 consecutive patients with intracranial aneurysms treated between 1934 and 2011 in the Department of Neurosurgery at Helsinki University Central Hospital in Finland. We included among VA aneurysms also those aneurysms at the junction of VA and the PICA. We excluded aneurysms located more distally in the PICA, as well as aneurysms extending into the basilar artery. After excluding 3 patients referred from abroad to ensure a population-based series, a total of 190 patients harboring at least one VA aneurysm, were included. Aneurysms were identified either by a conventional or digitally subtracted angiogram, a computed tomography (CT) angiogram (CTA), or a magnetic resonance angiogram (MRA), or as an autopsy finding. Subarachnoid hemorrhage (SAH) was diagnosed by CT (n ¼ 127) or by lumbar puncture (n ¼ 27); 3 aneurysms found by angiography were revealed surgically to be ruptured.
We reviewed all medical records including operative reports and radiologic images. Patients' neurological condition was assessed by the Hunt and Hess (H&H) scale without its correction for general disease (18) . We compared patients with a ruptured VA aneurysm to patients with a ruptured aneurysms elsewhere. Data for comparison came from a database comprising all patients with intracranial aneurysms treated in our department from 1980 to 2009. This part of the study was limited to the period after the 1980s, the era of microneurosurgery and CT scanning.
All images after 1989 were available for review. Where images were unavailable, we completed the analysis on the basis of radiologic and surgical reports; aneurysms not visible on an angiogram underwent assessment solely by a surgical or autopsy report.
Follow-up Data
Patients were followed up until death or the end of 2011. Vital status on December 31, 2011, and any date of death came from the Population Register Center, comprising all Finnish residents. Statistics Finland (http://www.stat.fi/index_en.html) provided causes of death. We sent a written questionnaire to those alive asking about their present health status. For those unresponsive to the query, we gained the follow-up data from the department of neurosurgery. Of those by then deceased, we sought medical records from all public health services.
Statistical Analysis
We performed data analysis by commercial statistical software (IBM SPSS Statistics, version 21.0.0 for Mac, Chicago, IL). For comparison between groups, we used the Mann-Whitney U-test for continuous and Pearson's c 2 or Fisher's exact test for categorical variables. For those patients primarily diagnosed with a ruptured VA aneurysm and in whom the aneurysm was treated, we analyzed risk factors for death at 1 year. In the univariate analysis we included age, sex, Fisher grade, size and morphology of the aneurysm, possible rebleeding, shunt-dependent hydrocephalus, H&H grade in good (H&H 1e3) and poor (H&H 4 and 5) grade groups, and decade of treatment. Multivariate analysis was impossible due to small sample size. A probability value of < 0.05 was considered statistically significant.
RESULTS
Patients
The 190 patients had a total of 193 VA aneurysms. After 2000, the start of regular use of CTA and MRA in our department, the prevalence of VA aneurysms has been 2.0% of all and 3.5% of the ruptured aneurysms. Among all patients with intracranial aneurysms, a VA aneurysm was diagnosed in 2.8% of patients. Before the 1980s we found 16 patients; from 1980 to 1989 we found 31 patients; from 1990 to 1999 we found 35 patients; with the remaining 108 patients diagnosed after 2000. The first VA aneurysm was treated surgically in 1963, and the first endovascular treatment took place in 1997.
Of the 190 patients, 126 (67%) presented with a ruptured VA aneurysm and 24 with a ruptured aneurysm in another location ( Table 1) . Among patients surviving 1 year after their initial bleeding, 8 later had a second episode of SAH: 1 patient from a previously totally occluded VA-PICA aneurysm, 5 from previously undiagnosed VA aneurysms, and 2 from aneurysms at other locations. The time from the rupture of the first aneurysm to the second ranged from 2e50 years. One patient had SAH from a VA aneurysm diagnosed 3 years earlier. In addition, 2 patients were diagnosed with unruptured denovo aneurysms (VA and middle cerebral artery).
Beside rupture cases, a VA aneurysm was diagnosed due to mass effect in 7 patients and because of ischemia in 2 patients. Altogether there were 324 aneurysms, with the most commonly associated aneurysm being in the middle cerebral artery. Fourvessel angiography, CTA, or MRA was initially done for 148 patients (78%).
Aneurysms
Of all VA aneurysms, post-PICA aneurysms were most common, accounting for 115 (60%) ( Table 2) . Small (<7 mm) ruptured aneurysms accounted for 64 (48%) and unruptured 32 (55%). Saccular aneurysms accounted for 150 (78%) and fusiform for 42 (22%) (Figure 2 ). Of the 150 saccular aneurysms, the VA-PICA junction accounted for 136 (91%) and within other locations in the VA for 9 (6%). The exact location was not available for 5 aneurysms (3%). Of all aneurysms, 109 (56%) were located on the left side.
Compared to patients with saccular aneurysms, those with fusiform aneurysms were more often male (P < 0.01), and if the aneurysm had ruptured the patient had a higher H&H grade (P < 0.001). There was no difference in 1-year mortality between the two groups (P ¼ 0.70). Comparing those patients with a ruptured VA aneurysm to patients with ruptured aneurysms at other locations, the former were slightly older (median 52 vs. 49 years; P ¼ 0.03) ( Table 3) . Ruptured VA aneurysms were more often fusiform than were aneurysms ruptured at other locations, and the VA aneurysms were located more often on the left side. Patients with ruptured VA aneurysms were of higher Fisher grade due to their high frequency of intraventricular hemorrhage, although no VA aneurysm had ORIGINAL ARTICLE caused intracerebellar bleeding. Yet a statistically significant difference between the H&H grades was never apparent.
Treatment. A total of 84 aneurysms (64%) were clipped (Figures 3 and 4), and due to incomplete occlusion, 1 aneurysm was reclipped during the same hospitalization. One clipped aneurysm re-ruptured and was embolized twice afterward. Six aneurysms were treated by an endovascular technique, of which 3 needed surgical treatment thereafter: 1 due to failed embolization, 1 due to incomplete occlusion, and 1 due to coil extravasation, bleeding, and incomplete occlusion.
Of the 22 patients treated conservatively, 11 were of poor grade, 6 were considered inoperable mainly in the earlier part of the series. In 2 patients, the aneurysm was found at autopsy after a negative angiography, and in 2 cases an anterior circulation aneurysm was incorrectly considered ruptured, and the actual ruptured VA aneurysm emerged only at autopsy. One patient back in the 1960s refused surgery.
Other Symptomatic VA Aneurysms Seven patients presented with a mass effect from the aneurysm ( Figure 5 ). The size of the aneurysm ranged from 20e50 mm. In addition, 1 residive aneurysm operated on was 27 mm. Four of the aneurysms were saccular and 3, fusiform. One aneurysm was totally thrombosed, and was originally suspected to be a recurrent hemangioblastoma. All the other aneurysms were partially thrombosed. Six patients were treated surgically, 1 requiring a bypass. Three patients returned to work and 1 to an independent life. Two of the patients died: a 81-year-old with her aneurysm invading the brainstem and a 16-year-old girl from an aneurysm rupture 4 days after VA occlusion in 1965. The only conservatively treated patient is still alive 19 years after diagnosis.
Two patients presented with ischemia. Both aneurysms were fusiform/dissecting: at diagnosis 1 aneurysm was thrombosed together with the VA, the other thrombosed during follow-up.
Unruptured VA Aneurysms with Bleeding from Another Aneurysm or an Arteriovenous Malformation Of the 24 patients with SAH from an aneurysm in another location, in 12 the VA aneurysm was treated later.
One patient with a ruptured arteriovenous malformation had her post-PICA and distal PICA aneurysms clipped at the same session with extirpation of the malformation.
Incidental Aneurysms
In 29 patients the aneurysm was an incidental finding. Of these, 15 were treated by microsurgery, 4 by endovascular techniques, and 1 was treated with a combination of both modalities. Nine patients were initially treated conservatively, and among them, 1 patient later underwent clipping after rupture of the aneurysm.
Outcome Angiographic Outcome. Postoperative angiography was performed in 124 patients (86%). Among the saccular aneurysms, total occlusion was achieved in 76 (88%), and of those clipped, 68 (91%). Among fusiform aneurysms, total occlusion was achieved in 14 (44%) of all treated patients and in 8 (73%) of the clipped aneurysms. After surgery, 5 aneurysms re-ruptured: 2 after clipping (1 dissecting aneurysm and 1 primarily totally occluded saccular aneurysm 3 years later), 2 after wrapping, and 1 fusiform (dissecting) aneurysm after proximal occlusion. In addition 1 unruptured giant aneurysm ruptured after proximal occlusion.
Among aneurysms treated endovascularly, 3 were occluded totally. Due to failed embolization, 5 patients were referred to surgery. One aneurysm rebled after stenting. Altogether 9 aneurysms treated primarily by endovascular surgery were fusiform.
Clinical Outcome. The mean follow-up time of the patients was 6.8 years (median, 3.1 years; range, 0 days to 50 years). The vital status at the end of 2011 was available for each except for 2 foreign patients. Of the 109 patients still alive, 78 (72%) replied to the query.
Of the 186 patients treated before 2011, 53 (28%) died within 1 year after their first aneurysm diagnosis. The most common cause was severe SAH in 30 patients. No patient with an incidental aneurysm died from any treatment-related cause. Treatment unintentionally for of the unruptured aneurysm led to rebleeding and death in 3 patients. After treatment of their aneurysms, 4 patients died from rerupture of a dissecting aneurysm within 10 days after treatment. Brain infarction due to spasm led to the death of 2 patients and the unexpected PICA occlusion of 1 patient. Cause of death was pneumonia in 6 and cardiac infarction in 2 patients. One patient died from SAH after treatment of an unruptured giant VA aneurysm, which caused a mass effect with a Cruchfield clamp in the 1960s. This aneurysm was diagnosed due to its mass effect but was unruptured preoperatively. Two patients died from trauma: 1 after a car crash while being transported to www.WORLDNEUROSURGERY.org rehabilitation, the other had severe balance disturbances after SAH and died from cerebral contusions after a fall. In addition, within 1 year of diagnosis, 3 patients died of cancer.
Later than the first year of the aneurysm diagnosis, 7 patients died from an aneurysm-related cause: 2 died from the rupture of a previously undiagnosed VA and one from an anterior communicating artery aneurysm rupture. One patient died from the rupture of a VA aneurysm diagnosed incidentally 3 years earlier. One 85-year-old patient died after regrowth of a previously clipped aneurysm; the aneurysm caused hemiplegia, and after the reclipping, she remained bedridden and died a month later. One patient died from rebleeding 13 years after the wrapping of a VA aneurysm, and the patient who refused surgery, died from rebleeding 8 years later.
Among the 112 patients with an actively treated VA aneurysm surviving beyond 1 year, those recovering their former or independent state of living numbered 104 (93%). Seven patients, all with ruptured VA aneurysms, remained dependent on help: 1 of them died 13 months after the bleeding, 2 remained hospitalized, 4 lived at home with support. One foreign patient was transferred to her home country in poor condition and was lost to follow-up.
Among patients originally operated on for a ruptured VA aneurysm, the risk factors for death at 1 year in the univariate analysis were old age (P ¼ 0.02), male gender (P< 0.001), and high H&H grade (P< 0.01). No difference in outcome was seen between those with ruptured fusiform or saccular aneurysms (P ¼ 0.09). 
ORIGINAL ARTICLE
The aneurysm morphology caused no difference in outcome either for those with ruptured (P ¼ 0.08) or with incidental aneurysms (P ¼ 0.09).
Among patients with an actively treated VA aneurysm, cranial nerve deficit(s) at admission occurred in 21 (15%), and after treatment of the aneurysm, in 72 (50%) ( Table 4 ). The most common deficit was laryngeal palsy in 59 (41%), with 28 needing a tracheostomy. Among patients treated only by endovascular means, 1 had laryngeal palsy already diagnosed before treatment. The paresis recovered fully in 28 patients and partially in 20, among whom 5 had only slightly hoarse voices. Two patients needed a permanent tracheostomy and a percutaneous endoscopic gastrostomy. Both of these patients were preoperatively unconscious and had small, saccular PICA aneurysms. In addition, 9 patients with a tracheostomy died within a month after the operation. The second most common cranial nerve deficit was diplopia, mainly from bilateral abducens nerve palsy caused by brainstem compression. Problems related to the trigeminal nerve showed no recovery.
DISCUSSION
We studied 190 patients with 193 VA aneurysms. Among all patients with aneurysms, 2.8% had a VA aneurysm. Patients with ruptured VA aneurysms were older than those with ruptured aneurysms at other locations. More VA aneurysms were fusiform, and when ruptured, more often caused intraventricular hemorrhage than did other aneurysms. Among fusiform (dissecting) aneurysms, the only method definitively preventing rebleeding was trapping. Despite often the higher Fisher and H&H grades, the aneurysm's challenging morphology, and the risk for a lower cranial nerve deficit, most patients surviving the initial stage made a good recovery.
Characteristics of VA Aneurysms
The most characteristic feature of VA aneurysms is their high degree of morphologic and anatomic variability. Their size can be highly variable, with a wide range of presenting symptoms. VA aneurysms are reported to be located at the origin of the PICA (3, 12) , and aneurysms in the VAePICA junction comprised 63% of our cases. The origin and course of a PICA can be highly variable, with the aneurysm located even extracranially (8, 20, 31) . The percentage of nonsaccular aneurysms was high-22%; in other series, 13%e41% (3, 12, 49) . (13), and trapping or proximal occlusion with (19, 43) or without bypass (11, 13, 30, 43) . The endovascular methods include selective coiling (13, 40) , coil occlusion of the aneurysm with PICA or VA of both (internal trapping) (2, 14, 19, 26, 40, 45) , stent-assisted coiling (2, 9, 33, 40, 45), stenting or use of a flow diverter (7, 22, 33, 50) , and proximal occlusion with coils or balloon (13, 40) . Multimodality treatment as an original plan mostly included a bypass procedure combined with endovascular vessel occlusion (14, 19) . Our series featured a clear surgical dominance, even in recent years. Altogether 135 aneurysms were treated surgically compared with 13 endovascular treatments. An additional 6 patients were treated eventually with both methods. During the years, VA aneurysms have been treated with more than 20 different ways. 
ORIGINAL ARTICLE
This reflects the challenge of the treating lesion, as well as a passion to find the best possible treatment.
Saccular Aneurysms. Microsurgical treatment of a saccular VA aneurysm is challenged because of their deep location between the cranial nerves and by the preservation of the PICA originating from the base of the aneurysm. Most surgeons use a farlateral approach, as described especially by Heros (15) , or use its transcondylar, supracondylar, or paracondylar extensions. Another common approach is the lateral suboccipital approach, used also by Drake et al. (12) . Of the recent patients in our series, most underwent surgery using the lateral suboccipital approach, and only aneurysms lying within a centimeter from the foramen magnum required its opening. As in earlier series, direct clipping was possible in most of these aneurysms, and nearly all were treated by proximal occlusion, which occurred in the 1970s. Surgery allows clot removal, debulking of the aneurysm, and any required revascularization. One risk of surgery is laryngeal palsy. It occurred in 41% of all cases, but only 2 patients needed a permanent tracheostomy. In endovascular surgery, no cranial nerves are manipulated. Instead, the challenge remains to preserve the PICA despite a wide-necked aneurysm and this is achieved by total occlusion. In a recent study (6) on endovascular treatment of PICA aneurysms, complete occlusion of the aneurysm was achieved in 63% of patients. This figure includes dissecting and distal PICA aneurysms. In that same study, the recurrence rate among selectively coiled aneurysms at the VAePICA junction or the anteromedullary segment of the PICA was 21%. The rehemorrhage rate in the study was low, 1.4%, but the mean follow-up time was only 17 months. To assist in the embolization, several recent reports describe stent or balloon-assisted coiling in wide-neck PICA aneurysms (6, 9, 10) .
Fusiform Aneurysm. Fusiform aneurysms are frequently dissecting. Their treatment remains a challenge for microneurosurgical and endovascular techniques. Dissecting aneurysms have a high rebleeding rate and a high associated mortality and morbidity. Most rebleedings occur within the first 24 hours (26, 37, 48) . Although the aim is to isolate the fusiform aneurysm from the circulation, preservation of flow in the parent vessel is important. Mere proximal occlusion of the parent artery may be insufficient, as seen in 1 of our patients who died from rebleeding, and mentioned earlier (21, 24) . We also learned of 2 other fatal rebleedings from fusiform aneurysms: 1 dissecting aneurysm was wrapped in the early part of the series, and the other was treated with clip reconstruction. In addition, 1 patient died due to rebleeding after endovascular treatment with a stent, leaving trapping as the only safe method to prevent rebleeding. In their series on vertebrobasilar dissecting aneurysms, Kim et al. (22) found, after endovascular treatment, an 8% rebleeding rate. Recurrence after successful stent-supported coil embolization and after internal coil occlusion also occurs (34, 44). At present, the most commonly reported treatment of dissecting VA aneurysms is trapping, mostly by endovascular means combined, if needed, with bypass (19, 43) .
Outcome Cranial Nerve Deficits. In their series on patients with VA aneurysms, Lv et al. (32) saw a lower cranial nerve deficit of 17%. The incidence in our series was somewhat lower (7%). We were, however, unable to examine 20% of the patients properly due to their being unconscious. After surgery, up to 48% of patients have been reported with a lower cranial nerve deficit (1, 11, 17, 42) . This rate in the present series was 41%. Despite the high occurrence rate, postoperative laryngeal palsy prognosis is favorable. Only 2 of our patients needed a permanent tracheostomy. In addition to lower cranial nerve deficits, we found a diverse range of other cranial nerve deficits resulting mainly from brainstem compression. These are known to be either part of the lateral medullary syndrome or a separate finding (4, 19, 42, 49) . In our series, the patients with gaze palsies recovered well, although none of the symptoms related to the trigeminal nerve improved. Due to the rarity of these deficits, no comparison with the literature was possible.
Recurrent SAH. Cumulative incidence of recurrent SAH within the first 10 years has been 3.2% (47) . We had a high rate among actively treated patients with ruptured VA aneurysms: 9 (9%) suffered rebleeding. This high rate of recurrent bleedings can be in part explained by suboptimal treatment: 2 aneurysms were wrapped, 1 treated with proximal occlusion, and 1 fusiform (dissecting) aneurysm, including the origin of the PICA, was treated with incomplete clipping. In addition, 5 patients with an earlier rupture of an anterior circulation aneurysm suffered later from a rupture of a VA aneurysm. Unfortunately, no 4-vessel angiogram was performed for all patients; for 3 patients we do not know whether any possibility existed to detect the aneurysm when unruptured. Ruptures from the other side occurred 6e51 years after the first bleeding, emphasizing the need for long follow-up when studying recurrent SAH incidence.
In general, the overall outcome of treating distal PICA aneurysms is rather favorable, with 80%e85% of patients recovering to Glasgow outcome scale 4e5 (16, 29, 30, 39, 46) . In our series, the percentage was somewhat lower (69%). Our figure, however, included many patients who died due to severe bleeding, and also included conservatively treated patients. Among those who survived 1 year, only 2 patients did not recover to an independent state of life.
CONCLUSIONS
Of our patients with intracranial aneurysms, 2.8% had a VA aneurysm. In patients with a ruptured VA aneurysm, the risk factors for death at 1 year in univariate analysis were old age, male sex, and high H&H grade. The anatomic and morphologic features of these aneurysms make their treatment challenging. Despite many cases of severe bleeding and the risk of laryngeal palsy caused by surgery, among patients surviving 1 year after diagnosis, the outcome may be favorable, with almost all returning to independent life or to their previous state of life.
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